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These experimental studies aim at improving the comprehensin of the ow over road
vehicles. The objective is to identify the dominant drag souces; based on this diagnos-
tic, ow control strategies are suggested and implemented ¢ improve the aerodynamic
performances.






Chapter 1
Introduction

This chapter introduces the industrial context. Then, it give s some bibliographical ele-
ments on blu body wakes in order to present the academical mtivations and the originality
of the study.

In parallel, the notations and some general notions of uid mehanics are presented in
appendix A.

Abstract

Car manufacturers are intensively working on the reduction d the pollutant emissions
of their new vehicle eets. As the resisting force induced bythe air ow over a car is
the dominant contributor to power consumption at high speeds, an important e ort is
devoted to drag reduction. The development of e cient ow con trol strategies relies on
the comprehension of the drag sources which must rst be studid past basic blu bodies.
While the ow control strategies for drag reduction are relatively clear over bidimensional
geometries due to the presence of the von Karman dynamics, &ppears that the drag sources
are not trivial even for simple three-dimensional geometres such as spheres or disks. When
it comes to real vehicle shape, it is admitted that the wake irduces low pressure levels on the
afterbody but the corresponding physics remain open issuedn this context, this work aims
at improving the comprehension of three-dimensional wake®y increasing the complexity
of the geometry and by exploring the sensitivity of the ow to local disturbances.
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Figure 1.1. History of the drag of road vehicles fromHucho (1998.

1.1 Industrial context

Growing economical and environmental considerations on fueonsumption are motivat-
ing car manufacturers to improve the energetic e ciency of their vehicles. In particular, the
European Union is introducing thresholds of CQ, emissions with signi cant nancial penal-
ties for over-pollution. The manufacturers have to ensure that their new car eets do not
emit more than an average of 130 grams of C®per kilometer by 2015 and 95 g(CQ)/km
by 2020.

To reach these objectives of CQ emissions, di erent levers are identi ed such as engine
optimization, mass diminution and drag reduction. Indeed, the resisting force applied by the
air stream on the vehicle,i.e. the drag, is responsible for the dominant power consumption
for high speeds, typically over 70 km/h. To give some gures,for a median vehicle emitting
130 g(CO,)/km, roughly 30 g(CO ,)/km are ascribed to aerodynamic e ects.

The drag force relies on the shape of vehicles; it is quanti edusing a normalized
coe cient, denoted C, allowing the comparison of the vehicles shapes. The historyfahe
drag of road vehicles is presented in gurel.l. One can rst see the decreasing trend:
the drag coe cient has been reduced from 1.0 in the begining &the 20" century to an
average of 0.3 in 2010. The interesting period is the sharp degase ofC, that begins from
the end of the 70's as a response to the energy crises and goes io the 80's with the
bene ts of the increasing use of wind tunnels during the vehite conception. However, the
drag coe cient seems to have reached a limit as no signi cantdrag reduction has been
observed over the last decade.

Currently, the car manufacturers face di erent concerns on aitomotive drag reduction.
First, the shape of the vehicle is strongly a ected by some functional aspects such as space of
the passenger compartment, crash safety, engine cooling drstyle design. These constraints
limit the use of more streamlined shapes that could easily povide better drag performances.

Furthermore, the drag reduction strategies gradually leadto a standardization of the
vehicles shapes because all the manufacturers have similaonstraints and consequently
similar optima. This leaves less and less liberties to the dégn department: the inclination
of the roof, the presence of a spoiler and its orientation, tle use of sharp edges on the
afterbody... All these parameters are set to reach the best erodynamic performances.

Finally, any drag reduction obtained using an additional device has a signi cant cost,
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both in terms of development and integration on the vehicle. Nevertheless, for commercial
reasons, it may not be added to the selling price. The penaltie for over-pollution introduced
by the European Union should alter this balance and encourag innovation.

Therefore, the role of the research departments in car aerodyamics is to provide new
levers of drag reduction as well as alternative technologi allowing more design liberties.

In this industrial context, the present work aims at improvin g the comprehension of
drag sources in the wakes past road vehicles. It addresses érent open issues such as the
presence of global mode activity and its impact on drag. Bas# on this drag diagnostic, the
objective is to provide a drag reduction strategy that can beachieved through ow control.

Now that the industrial motivations are de ned, some biblio graphical notes on blu
body wakes and their control are given in sectionl.2 increasing the complexity of the
geometries progressively.
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1.2 Blu body wakes and strategies of ow control

This section presents the general characteristics of blu baly wakes with some strategies
of ow control for drag reduction that are reported in the lit erature. First, section 1.2.1
is devoted to the behavior of a plane mixing layer. Then, bidimensional geometries are
studied in section 1.2.2 Finally, section 1.2.3 depicts the ow over basic three-dimensional
bodies and some elements on road vehicle wakes are providedsection 1.2.4.

1.2.1 Planar mixing layers

The common characteristic of blu body wakes is the presence fo ow separations on the
geometry. The boundary layer detachments introduce concemtted vorticity in the wake
and forms mixing layers between the ows of di erent velocities: U  Up in potential ow
while U Up in the separated region. Thus, the dynamics of the mixing betveen two
uids of di erent velocities are the starting ingredients o f blu body wakes.

Features of the natural ow

The behavior of a planar mixing layer between a high velocity ow (O = Uyg) and a
uid at rest is depicted from studies present in the literatu re (Champagneet al., 1976 Bell
& Mehta, 1990 Pope, 2000. This con guration is a general organization of a shear ow
considered in the reference frame of the low velocity ow; a sétch is given in gure 1.2(a).
The coordinate system is chosen so that the mean vorticity in he shear layer is oriented in
the z direction. For a given streamwise positionx, the position y is de ned as

Uty )= Uo; (1.1)
with 2 [0; 1]. The characteristic thickness , of the mixing layer is evaluated by
m(X) = JYo:o(X) Yo (X)j: (1.2)

The characteristic lengths ; and ,, displacement and momentum thicknesses respectively,
de ned for wall boundary layers in equations (A.12) and (A.13) can be extended to mixing
layers: they are denoted by 1 and 2 respectively.

Moving downstream, the momentum of the high velocity ow is tr ansfered to the uid
at rest by viscous or turbulent di usion depending on the ow regime. This phenomenon
results in a mixing layer growth at a rate of d n=dx Re 95 in the laminar regime and
d m=dx 2 [0:1;0:2] in the turbulent regime!. Hence, the growth rate is generally much
smaller in the laminar regime than in the turbulent one. Furthermore, for a turbulent
mixing layer, it is observed that the contours y are straight lines and the growth is
measured toward the domain of the uid at rest. One can interpret such a spatial growth
as uid entrainment by the mixing layer.

Now, the time-averaged momentum conservation expressed irgeation (A.8), considered
in the y direction at large Reynold numbers Re |, = Up m= 1) and under mixing layer
assumptions Uy Uy, U, and @=@y @=-@x @=@zives the equilibrium between the
dominant terms

@, o’ _
@y+2 &y 0: (1.3)

1Experiments show that the exact value of the growth rate relies on t he initial conditions of the shear
layer.
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Figure 1.2. Sketch of a mixing layer con guration (a) and characteristic dynamics at
Re  =8:5 1(° (b); the time sequence is fromRoshko (1976.

Thus, after integration in the y direction, equation (1.3) shows that C, + 2h13 % is
constant across the mixing layer: at rst order, the pressure of the uid at rest is equal to
the static pressure of the high momentum ow.

The uctuations of velocity in the mixing layer are ascribed to turbulent behaviors
but also to proper vorticity dynamics. Indeed, a planar shearlayer is unstable (Kelvin-
Helmholtz instability) which results in the development of rollings of the shear surface at
St , 002 (Michalke, 1965 Ho & Huerre, 1984. In particular, the time sequence in
gure 1.2(b) shows pairings of vortices which is one of the basic ingredi¢s of the mixing
layer growth. The size of the vortices clearly relies on the seamwise position in the ow; so
in the spectral domain, the frequencyf s- , separating the large-scale structures (related
to the rollings) and the inertial range of turbulence, decreases with the streamwise position
(Hussain & Zaman 1985.

Flow control strategies

In terms of ow control, an interesting approach is the modi c ation of the growth rate
d =dx, i.e. the quantity of uid incorporated by the mixing layer. This gr owth rate may
easily be increased by enhancing the turbulent activity or eciting the natural rollings as
evidenced in gures1.3(a) (c). On the contrary, the reduction of d ,,=dx is a real challenge
for shear ows at high Reynolds numbers. The main technique cosists in postponing the
transition to turbulence and the development of the instabilities.

First, one can refer to the work of Greenblatt & Wygnanski (2000 as well as the ex-
periments of Parezanovitet al. (2013 using active control methods in transitional mixing
layers. In particular, Parezanovitet al. (2013 show that a high frequency actuation pre-
vents the formation of the large-scale structures which resits in a reduction of the Reynolds
stresses and a diminution of the growth rate (compare guresl.3band 1.3d).

Moreover, perturbations forming optimal streaks are proved to delay the transition to
turbulence in boundary layers (Franssonet al., 200§. Consequently, they may provide an

interesting approach in a mixing layer con guration given similitudes between these two
shear ows.

The mixing layer dynamics are part of the basic ingredients ofseparated ows but
many wake properties result from the interactions between everal shear layers, especially
for bidimensional geometries.
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(b) No control  (e) 10 Hz (d) 400 Hz

Figure 1.3. Smoke visualizations of the e ect of micro-jet a&tuators on a mixing layer
at Re , = 500 from Parezanovitet al. (2013: experimental setup (@); natural ow ( b)
with a characteristic frequency around 30 Hz,i.e. St , = 0:02, and controlled ows with
actuations at 10 Hz (c) and 400 Hz ().

1.2.2 Bidimensional geometries

The presence of boundary layer separations on cylindetdeads to con gurations of two
shear layers of opposite sign in the ow. Now, this vorticity distribution has a strong impact
on the wake behavior.

Features of the natural ow

Over a certain Reynolds number Rep = 47 for a circular cylinder), the interaction of
the two shear layers of opposite vorticity results in an antsymmetric instability. A global
mode consisting in a periodic shedding of vortices, known ashe von Karman vortex street,
is observed in the wake (see guresl.4a b). The shedding frequency isStp,  0:2 with
D, the thickness of mean wake as de ned in gurel.5a) (Roshko 1954. A ourishing
literature can be found on the di erent regimes of this vortex shedding (seeRoshkag 1993
Williamson, 1996 Zdravkovich, 1997 and references therein).

These intense von Karman vortices are sources of low pressuia the wake. As a
consequence, their formation and dynamics signi cantly aect both the drag and the
instantaneous lift. For example, the periodic motion of the vortex shedding is responsible
for a dominant part of the velocity uctuations: in the turbu lent wake of a circular cylinder
at Rep  10°, Cantwell & Coles (1983 reports that 35% to 55% of the Reynolds stresses
are ascribed to the coherent activity. So it is clear that the von Karman street plays a rst
order role in the mean wake properties, even at large Reynoklnumbers.

Two general trends between the mean ow and the base pressurean be stated from
experimental results.

First, the thicker the wake in comparison to the geometry, the lower the base pressure,
the larger the drag.
This rule may be ascribed to the blu ness e ect where the blu ness is de ned as

the ratio between the wake width and the cross- ow size of the glinder, i.e. D, =D
in gure 1.5a) (Roshkag 1954 Apelt & West, 1975 Roshka 1993. Note that the

2The term cylinder refers to bodies of constant geometry in the spanwise direction. The circular cylinder
is the particular case with a circular pro le.
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Figure 1.4. Von Karman street past a circular cylinder in laminar regime at Rep = 102 (a),
in turbulent regime at Rep = 3 10% (b) and its control at Rep = 3 10° (c) using a small
disturbing cylinder displayed in red (from Dalton et al., 2001).

() L (b)

Figure 1.5. Mean ow (a) and instantaneous ow dynamics (b) around a circular cylinder:
(i) and (ii), entrainment ows; (iii), reverse ow. The sketch (b) is from Gerrard (1966.

orientation of the ow at separation has a fundamental impact on this ratio; for ex-
ample, the drag coe cient of a at plate is larger than the dra g of a circular cylinder
(Tropea et al., 2007. Another example of this dependence between blu ness and
drag is the transition that occurs at Rep 2 1@ over a circular cylinder. The point
of massive separation moves downstream due to an early trantsn to turbulence
which results in a thinner wake; meanwhile, the drag coe cient approximatively
decreases from 1.2 to 0.44dravkovich, 1997).

Besides, the experiments ofApelt & West (1979 prove that this blu ness rule re-
mains valid after the suppression of the von Karmén street ugg a splitter plate.

Second, for a given blu ness, the larger the recirculation &ngth, the higher the base
pressure, the lower the drag Roshka 1993 Zdravkovich, 1997 Parezanovi¢ & Cadot
2012.

It is worth mentioning that this rule is equally obtained from potential ow theory
combined with cavity models (Riabouchinsky, 1921 Wu, 1972.

The model presented byGerrard (1966 introduces an interesting interpretation of the
mean recirculation length: the recirculation region resuts from an equilibrium between
the reverse ow and the ow entrained by the mixing layers (see gure 1.50). Note that
the entrainment of a laminar mixing layer is negligible in front of a turbulent one, this
equilibrium strongly depends on the streamwise position of lhe transition to turbulence.
Now, an increase in entrainment ows (i) and (ii) cannot be compensated by an increase
in reverse ow (iii) which results in a vortex formation closer to the base and a shorter
recirculation bubble in average. This interpretation intro duces a strong correlation between
the mixing layer activity, the position of the formation of t he von Karman vortices, the
recirculation length and the drag.
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The identi cation of the mechanisms responsible for the seletion of the base pressure
paves the way to the implementation of e cient ow control st rategies for drag reduction
that are now presented.

Flow control strategies

Di erent strategies naturally come out from the two dominant drag trends. The rst
one consists in decreasing the blu ness of the cylinders. Thexperiments of Munshi et al.
(1997 show that the use of rotating elements at the edges of a rectagular cylinder injects
momentum in the uid which results in a thinner wake and drag reduction. Another
technique consists in implementing plasma actuators in praimity of a circular cylinder. It
delays the massive separation on the geometry which limits th wake width (Artana et al.,
2003 Hyun & Chun, 2003.

A second drag reduction strategy lies in the increase of the ectirculation length by
altering the formation of the von Karman street. The simplest method is the suppression
of the antisymmetric instability using the mirror e ect of a splitter plate 3 in the plane of
symmetry (Apelt et al., 1973 Unal & Rockwell, 1988 Nakamura, 1996).

The base bleed equally provides interesting drag reductionven for low momentum in-
jection as presented byArcas & Redekopp(2004); the mechanism may be directly connected
to the model of Gerrard (1966 as the ow injection in the recirculation region is a direct
compensation of the ow entrained by the shear layers. The votex formation is moved
further downstream which delays the closure of the recirculaion region.

Furthermore, one can mention techniques which break the syrtwronization of the
opposed shear layers in order to prevent the development ofhe von Karman street. This
e ect may be achieved through three-dimensional modulatios in the shear layers Park
et al., 2006 or active actuation (Pastoor et al., 2008; both methods postpone the vortex
formation region and attenuate the global mode activity.

Now, one more interesting strategy is related to the use of thenatural sensitivity of the
global mode: a slight perturbation of the ow can result in signi cant modi cations of the
near wake dynamics. The precursory experiments dbtrykowski & Sreenivasan(1985 1990
prove that the vortex shedding past a circular cylinder at Rep = 80 can be suppressed by
placing a small control cylinder in one of the mixing layers. This work has been followed by
various experiments in the turbulent regime past di erent shapes of cylinders Sakamoto
et al., 1991, Sakamoto & Haniu, 1994 Dalton et al., 2001 Cadot et al., 2009 Parezanovi¢ &
Cadot, 2009 Parezanovi¢ & Cadot 2012. All these experiments con rm the high sensitivity
of the global mode dynamics to local disturbances: the contwl cylinder delays the vortex
formation and attenuates the shedding activity (see gure 1.4c). The modi cations induced
by the perturbation are related to the introduction of a stagnation point in the main wake.
Due to viscosity, this generates vorticity in the ow, whose interaction with the main ow
vorticity is at the origin of the sensitivity ( Parezanovi¢ & Cadot 2009.

A systematic study varying the position of the small control cylinder leads to the con-
struction of sensitivity maps of global properties of the wake such as the shedding frequency
or the base pressure. In parallel, theoretical work gives a@ss the structural sensitivity of
global mode wakes Hill, 1992 Marquet et al., 2008 Luchini et al., 2009. Although the
theory usually remains limited to the laminar regime, the latest developments ofMeliga

31n the inviscid theory, a splitter plate or a at wall is equivale nt to a steady straight streamline with a
symmetric ow on the other side.
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et al. (2012 extend the approach to the turbulent ow around a D-shaped cylinder at
Rep = 1:3 10*. The presented sensitivity map of the global mode frequencysi in good
agreement with the experimental results ofParezanovi¢ & Cadot (2012, both in terms of
spatial distribution and amplitude.

This approach provides a useful tool in the framework of contol strategy since it
predicts where a disturbance e ciently a ects global properties of the ow.

Now that the dominant features and control strategies of the ow around bidimensional
blu bodies are presented, the wakes past basic three-dimesional geometries are considered
in section 1.2.3

1.2.3 Basic three-dimensional bodies

This section depicts some academical studies to introduce geral wake properties and
perspectives on drag reduction for basic three-dimensionageometries.

Features of the natural ow

In the simplest case of a sphere of diameted in a uniform ow, non-trivial bifurcations
are reported in the wake as the Reynolds number increasesSékamoto & Haniu, 1990.

First evidenced by Magarvey & Bishop (1961, the laminar wake loses its axisymmetry
at Rep 210 the steady axisymmetric wake selects one cross- ow dire@n which leads
to a steady solution with only one azimuthal plane of symmetry (see gures 1.6a b); the
wake orientation is denoted by .

A second bifurcation is reported atRep 280 the wake becomes unsteady but pre-
serves the re ectional symmetry and the azimuthal orientation of the rst bifurcation.
A periodic shedding of parallel vortex loops is reported Achenbach 1974 Ormieres &
Provansal, 1999 as presented in gures 1.6(c). Then, the ow presents an increase in
complexity as the Reynolds number is raised. The azimuthal dentation  of the wake
starts oscillating (Mittal , 1999 Chrust et al., 2013, typically for Reynolds numbers larger
than 400. Turbulent scales appear in the wake forRep > 800 in addition to the periodic
dynamics. The wake gradually loses its preference towards thre ectional plane of symme-
try de ned at the rst steady bifurcation ( Mittal et al., 2002 and the axisymmetry of the
mean ow is nally restored from Rep 10°. At moderate Reynolds numbers, the high
frequency instabilities of the mixing layers in the near wale degenerate into large-scale vor-
tex loops developing from the end of the recirculation bubbé; the wake oscillates randomly
(Taneda, 1978 Sakamoto & Haniu, 1990 and may get a helical organization highly coher-
ent in space Pao & Kao, 1977 Berger et al., 199Q Yun et al., 2006; the Strouhal nhumber
of this oscillating global mode ranges inStp 2 [0:12;0:19]. One can have a global view
of the instantaneous turbulent ow from the sketch and visualizations given in gure 1.7,
in the cavitation experiments in gures 1.7(b) ( c), the interface between liquid and vapor
locate the low pressure regions in the instantaneous ow (seBeaudoin et al., 2004 and
references therein for details on the visualization techrgue).

Eventually, as for the circular cylinder, an early transition to turbulence can delay
the massive separation on the afterbody which leads to signcant drag decreases at
Rep 4 1 (Hoerner, 1965 Taneda, 1979. The Reynolds number for which the drag
crisis is reported strongly depends on the roughness of thaugace. This point is evidenced
by the well-known example of the gulf ball: in spite of the insucient Reynolds number
reached after a swing, the wake of the ball is in a low drag con gration due to the
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Figure 1.6. Regimes of the laminar wake past a sphere (fronNakamura, 1976 Thomp-
son et al., 200)): steady axisymmetric for Rep < 210, (a); steady planar symmetric for
210< Rep < 280 (b); unsteady planar symmetric for 280< Rep . 400, (c).

(a) (b)

Figure 1.7. Sketch of the large-scale structures in the turblent wake of a sphere &) from
Vilaplana et al. (2013. Side view () and top view (c) of the instantaneous wake past an
axisymmetric blunt body at Rep  10° using cavitation techniques.

turbulent activity introduced by the asperities.

The axisymmetry breaking at Rep 210 is associated with the development of two
vortex threads in the streamwise direction as visible in gure 1.8 (Thompson et al., 200%;
Schouveiler & Provansal 2002 Fabre et al., 2008. A steady side force also appears on the
sphere in the direction of the re ectional plane of symmetry as shown byPier (2008 in
gure 1.9. After the unsteady transition at Rep 280, the vortex shedding generates oscil-
lations of this side force but its intensity remains signi cant. The statistical axisymmetry
of the mean ow in the turbulent regime results in a nil cross-ow force in average (Yun
et al., 2009; nonetheless, an instantaneous side force is always pregen the geometry. A
fundamental interest is ascribed to the dynamics of this unteady cross- ow force as it is
responsible for part of the drag: approximately 10% of the tdal drag at Rep = 350 (Pier,
2008.

The additional drag related to such a cross- ow force is remimscent of the notions of
induced drag commonly used in aeronautics Batchelor, 2002: for a lifting airfoil, the
induced drag coe cient is proportional to the square of the lift coe cient, the proportional
factor being a geometrical parameter dependent on the distbution of the lift along the
span of the wing. This induced drag is strongly connected to theformation of a pair of
counter-rotating streamwise vortices downstream of the wingips.

The sphere wake is massively studied because it is a prototypal axisymmetric wake:
similar behaviors are found in the ow around other axisymmetric geometries. For example,
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Figure 1.8. Pair of streamwise counter-rotating vorticies d the steady planar symmetric
regime past a sphere atRey; = 250 for w = 3 =2 (from Fabre et al., 2008 Thompson
et al., 2001)): iso-surfaces of streamwise vorticity &) and contours of streamwise vorticity in
the cross- ow planex =1 (b). The continuous and dashed lines are positive and negatives
values respectively; the contour interval is 0.05; the conbur O is not plotted; the dashed

circle locates the sphere.
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Figure 1.9. Drag (a) and lift ( b) of a sphere at low Reynolds numbers fromPier (2008
depending on the wake regime (w =3 =2 for Rep > 210): steady axisymmetric (continu-
ous black line), steady planar symmetric (dashed blue lineand unsteady planar symmetric
(dotted red lines delimiting maxima and minima).
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Figure 1.10. Wake topologies past axisymmetric blunt geomiies from Délery (2013:
optimal case, (a); cell organization, (b); organization with two pairs of counter-rotating
vortices, (c); imperfect case,(d).

the wake past a disk presents a comparable behavior. Literatre depicts a steady bifurcation
at Rep 115 and an unsteady one atRep 121 even if Fabre et al. (2008 report
slight di erences: the unsteady bifurcation rst leads to a regime that slightly breaks the
re ectional symmetry. Besides, as in bidimensional wakesthe Strouhal number of the
periodic oscillations relies rather on the distance betwee the opposed shears than on the
size of the geometry. The vortex shedding past a disk is repoed at Stp = 0:135 0:005
for Rep 2 [10°;10°] (Miau et al., 1997 Ruiz et al., 2009, i.e. Stp, 0:20asD, 15D
(see appendixC), whereas past the sphere, a value o8tp, Stp = 0:19 is measured at
equivalent Reynolds numbers Sakamoto & Haniu, 1990).

The dependence between the Strouhal number and the gap sepdirag the shear layers
is con rmed by the experiments of Kiya & Abe (1999 depicting the impact of the aspect
ratio on the vortex shedding in the wake of elliptical and redangular cross- ow plates.
Two peaks of energy are observed in the power spectra of veibc signals, at Strouhal
numbers between 0.05 and 0.15 depending on the aspect ratidhey correspond to periodic
oscillations of the wake in the two cross- ow directions; the phenomenon at the higher
frequency is usually more energetic and is associated with #hinteractions of the closer
shear layers.

Independently of these bifurcation scenarii and periodic dypamics, a classi cation of
the ow topologies past axisymmetric afterbodies at high Reynolds numbers is provided by
Délery (2013 from topology analyses and singular point theory. The simpést admissible
ows are the ideal case of an axisymmetric organization of therecirculation bubble (see
gure 1.10a) or an organization comprised of a nite number of cells (seegure 1.10h).
However, these two topologies are unlikely to be observed eerimentally due to slight
imperfections of the axisymmetry. The topology with two pairs of counter-rotating vortices
presented in gure 1.10(c) is mentioned as the most probable organization preserving ail
cross- ow force but a slight ampli cation of the imperfecti on of the axisymmetry is very
likely to result in a single pair of counter-rotating vortic es shown in gure 1.10(d). One
can see that this latter topology, associated with a non-nil mean side force, is similar to the
wake after the rst steady bifurcation past a sphere at Rep  210(see guresl.6band 1.8).
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In the experimental framework, the study of the turbulent wake past axisymmetric
geometries is a challenge because of the xing system. Indeg@part from the unusual
magnetically supported body presented byHiguchi et al. (2006, the xation method is
necessarily intrusive. The problem is that, as soon as the agymmetry of the setup is
lost, the axisymmetry of the turbulent wake is altered. For example, the experiments of
Vilaplana et al. (2013 show that the introduction of an asymmetry in the setup xes the
orientation  of the vortex shedding. In the theoretical framework, such anazimuthal
lock is equally proven by Meliga et al. (2009) using global stability analysis in the case
of a disk: the azimuth of the global mode is necessarily equabr opposed to that of the
disturbance. Furthermore, the common method consisting inholding a sphere with four
thin wires leads to am = 4 azimuthal periodicity of the mean ow ( Vilaplana et al., 2013.
On the other hand, in the widespread system of a sphere mountedn a streamwise axis
held from downstream, the support disturbs the center of the ecirculation region; so, such
a setup is very likely to generate a controlled wake as a refence ow.

Flow control strategies

The drag reduction strategies in the wake of basic three-dimesional geometries are
similar to the bidimensional cases: decrease of the wake widf i.e. of the blu ness, and
increase of the recirculation region for a xed ow separation.

The wake width can be controlled by orienting the ow at the trai ling edge (seeAbram-
sonet al., 2011, and references therein).

On the contrary, the global mode activity being far less coheent than past cylinders,
the control techniques that shall be implemented to delay tre closure of the recirculation
region are still open issues. Most of the work on passive andctive control of axisymmetric
turbulent wakes focuses on the unsteady global mode dynamséc(Mair, 1965 Berger et al.,
1990 Weickgenannt & Monkewitz, 2000 Sevilla & Martinez-Bazan, 2004 Higuchi, 2005
Morrison & Qubain, 2009 Weiss & Deck 2011). It shows connections between the param-
eters of the control setup, the drag and the intensity of the acillating global mode. In
particular, Berger et al. (1990 prove that a disk forced to oscillate near the helical mode
frequency stabilizes the structure of this global mode in spce and time at a coherence level
close to 1. On the other hand,Weickgenannt & Monkewitz (2000 performed experiments
displacing a control disk in the recirculation bubble pointing out di erent ow regimes de-
pending on the disk position associated with important evoldions of drag and Strouhal
number.

In parallel, the recent work of Meliga et al. (2009, 2010 extends the theoretical sen-
sitivity analyses to the wake past axisymmetric blunt bodies in the laminar regime. The
results show zones of high sensitivity in the recirculatingbubble. The receptivity of the os-
cillating global mode is located around the separatrix at the end of the recirculation region
while the receptivity of the steady antisymmetric mode is clese the center of the recircula-
tion region. Nevertheless, the comparison to experimentalork is di cult as the control
techniques previously mentioned are too intrusive to be cosidered as perturbations. One
can still refer to the experiments of Vilaplana et al. (2013 disturbing a sphere wake with a
small control sphere; the results evidence modi cations othe oscillating global mode both
in terms of frequency and structure. For example, when the cotrol sphere is o -centered,
a subharmonic at half the natural frequency appears and the aimuthal phase becomes im-
posed by the control sphere. Then, when the control sphere rehes the separated shear, a
pure subharmonic mode is observed suggesting a shedding dfeginative vortex loops from
both sides of the wake.

As a consequence, contrary to the bidimensional cases, theaohanisms responsible for
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the closure of the recirculation region are not well-de nedin three-dimensional wakes and
hence, the control strategies aiming at increasing the rectulation length are still to be
clari ed.

Now, in addition to the three-dimensional aspect of the ow, road vehicle wakes are
related to complex geometries in ground proximity. These corgurations are presented in
section1.2.4

1.2.4 Road vehicles

General properties of the turbulent ow past road vehicle and their control are presented
in this section with a particular focus on blunt geometries.

Features of the natural ow

First, as a transition from the academical studies describd in the previous section,
it is worth noting that the high sensitivity of the ow to resi dual asymmetries is equally
observed over more complex geometries. In the study of the semted ow past a
three-dimensional backward facing step,Herry et al. (2011 depict a strong sensitivity of
the wake to the symmetry of the setup. A residual yaw angle is poved to x the wake out
of the re ectional plane of symmetry and for a perfectly symmetric con guration, the ow
is bistable with two preferred re ectional symmetry breakin g positions; the equiprobability
of the two states restores a statistical symmetry at long time-scales. Similar bistable
properties may be responsible for the asymmetric results dhined by Lawson et al.
(2007 in the recirculation bulb on the rear window of a car. In parallel, high degrees of
asymmetry are measured in both experiments and numerical siulations (Lee et al., 2009
Wassenet al., 2010. These phenomena are reminiscent of the symmetry breakingegimes
found in closed-cell ows (Ravelet et al., 2004 and may be a general property of turbulent
ows.

In the framework of car aerodynamics, the work ofAhmed et al. (1989 signi cantly
improved the comprehension of the ow around di erent shapes of road vehicles: it char-
acterizes the critical in uence of the afterbody con guration (see gure 1.11).

For slant angles below 10 or larger than 30 , the topology is characterized by a massive
recirculation bubble on the afterbody. This region is assocted with low levels of base
pressure and is the major contributor to the aerodynamic dra (see gure 1.11a). The
autopower spectra of the base pressure signals, mixing lageelocities or force measurements
show characteristic frequencies in the natural wake. The fdbwing analyses are reported
in the literature but the spatial organization of these structures and their interactions still
need to be clari ed.

A low frequency behavior atSty  0:07is measured experimentally Duell & George,
1999 Khalighi et al., 2001, 2012 and interpreted as a periodic interaction between
the upper and lower part of the trapped toric vortex in the near wake; a shedding
of pairs of vortices from the trailing edge with a lateral oscllation is also hypothe-
sized (Khalighi et al., 2001).

The numerical simulations of Bayraktar et al. (2001 report two frequencies at
Strouhal numbers 0.106 and 0.086 in the unsteady measuremenof the lift and

side forces respectively but the organization of the corrgsonding global modes is
not discussed.
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Figure 1.11. (a) Drag contribution of the Ahmed geometry depending on the ande of the
rear window . (b) Wake topology in the = 25 conguration. The results are from
Ahmed et al. (1989.

The work of Khalighi et al. (2012 presents a coherent motion atSty = 0:17 down-
stream of the recirculation region with a peak of energy partcularly clear when the
probe is in the plane of symmetry.

High frequency dynamics are observed bypuell & George (1999 at Sty =1:157and
interpreted as a shedding of vortices from the mixing layerswith a pseudo-helical
structure.

In addition, such coherent wake motions are likely to be a ected by wall proximity. For
example, the work ofRuiz et al. (2009, studying the unsteady near wake of a disk normal
to a wall, shows an increase in the complexity of the ow as the gp ratio decreases. The
vertical wake oscillation is progressively attenuated andcombined with a slight increase in
the shedding frequency. Eventually, a critical gap ratio isfound under which the vertical
oscillation of the disk wake is suppressed and a separationcours on the ground, this latter
phenomenon being associated with low frequency evolutionst aStp 0:03. In parallel,
past a simplied squareback vehicle, a change in the wake toplogy is also observed
through the base pressure distribution when the gap ratio beomes small in presence of a
xed ground ( Duell & George, 1993.

On the other hand, for moderate slant angles,ie. 10 < < 30, a pair of intense
counter-rotating vortices develops in the wake of the modelreducing the pressure on the
afterbody (see guresl.1llband 1.12). In the worst drag con guration of a slant angle close
to 30 , these structures induce up to 50% increase in drag in compaon to the 0 case.
These intense ow structures and their control are source of mach interest in the literature
as similar streamwise vortices persist over real vehiclesspecially in the wakes of sedan and
fastback shapes (see gurel.13) or even pick-up trucks (Al-Garni & Bernal , 2010.

In the case of real vehicles having a blunt shape, the topologys associated with a
massive recirculation region on the afterbody without intense streamwise vortices (see
gure 1.13a). However, the absence of top bottom symmetry of the geomety alters the
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Figure 1.12. Cavitation visualization of the pair of counter-rotating vortices past the 25
Ahmed geometry from Beaudoin et al. (2004.

Figure 1.13. Wake topologies past road vehicles dependingnothe afterbody: square-
back (a), fastback (b) and sedan(c). The sketches are fromHucho (1998.

organization of the recirculation region: a residual pair d counter-rotating vortices is very
likely to be present as a signature of the non-nil lift force. A common ow topology from
Depardon (2006 is presented in gure 1.14

The topologies shown in gures1.13 correspond to very di erent force intensities and
the presence or absence of a pair of intense counter-rotatinvortices often lies in geometry
details. There is a high sensitivity of the wake to the shape othe edges, especially at the
end of the roof. There, the use of a sharp edge forcing the ow garation allows to switch
from a high lift high drag con guration of a fastback ow to a low lift low drag case of
the squareback topology. This point is evidenced in gurel.15with the implementation of
a spoiler on a Citroén C4 model. Figuresl.15a) ( b) present the case without spoiler, the
potential ow follows the shape of the afterbody in the plane of symmetry which results
in the formation of an intense pair of counter-rotating vortices. On the contrary, the use
of a spoiler leads to a massive recirculation region and theti®ng attenuation streamwise
vortices as visible in gures 1.15c) ( d); the obtained topology is similar to the one given

Figure 1.14. Wake topology past a blunt vehicle model fromDepardon (2006.
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(a) (0) (©) (d)

Figure 1.15. Wake topologies past a Citroén C4 model without spiter (a) ( b) and with a
spoiler at the end of the roof () ( d): qualitative modulus of the velocity in the plane of
symmetry and streamwise vorticity in a cross- ow plane.

in gure 1.14 Such a crucial in uence of the spoiler explains its systemtc use in the
conception of recent vehicles even if it alters the style degn. Note that the orientation of
the spoiler is accurately set to reach a drag minimum.

Finally, the presence of wheels on the geometries may inducegsi cant di erences in
the afterbody ow. Some intense vortices are locally generatd by the wheel, especially by
the front ones (Waschle 2007). The proper wake structures present important di erences
depending on the setup: rotating or xed wheel, tire width, permeability of the rim...

Flow control strategies

As previously mentioned, an important work is devoted to the control of fastback ows
through various passive and active strategies such as spldr plates (Gilliéron & Kourta ,
2010, aps ( Beaudoin & Aider, 2008 Fourrié et al., 2011), vortex generators (Aider et al.,
2010, boundary layer streaks (Pujals et al., 2010 or even pulsed jets Bruneau et al.,
2011). The e ciency of a control device relies on its ability to alt er the formation of the
pair of streamwise vortices or its capacity to reduce the wakewidth by limiting the bulb
of separated ow on the slanted face without amplifying the streamwise vortices.

On the other hand, the control strategies for drag reduction for squareback vehicles
rely on similar mechanisms than the wakes past basic threeithensional bodies (see sec-
tion 1.2.3. Thus, by modifying the blu ness or by increasing the recirculation length,
diverse strategies provide interesting base pressure reeery. One can refer to the use of af-
terbody aps with and without cavity ( Cooper, 1985, splitter plates ( Duell & George, 1993
Khalighi et al., 2001 and active control (Rouméaset al., 2009 Littlewood & Passmore,
2012.

The experiments ofLittlewood & Passmore (2010 depict the e ect of a small chamfer
at the upper trailing edge of a squareback geometry similar & the = 0 Ahmed
con guration. Despite the small size of the chamfer in the steamwise direction of 15% of
the body height*, an optimal drag reduction of 4.4% is obtained for a chamfer agle of
12 . The parabolic-like dependence between the chamfer angle drthe drag is reminiscent
of the results of Ahmed et al. (1984 for moderate slant angles where an optimal 8% drag
reduction is obtained for =12:5 . Thus, the signi cant drag gain obtained by Littlewood
& Passmore (2010 with a small chamfer con rms the high impact of the orientati on of the
trailing edge on aerodynamic forces. This approach using chafered shapes is particularly
interesting since it corresponds to the method applied by tle car manufacturers on real
vehicles to limit the drag. Indeed, the angles of the spoiler ad of the di user (when one
is present) are set empirically in order to reach the optimaldrag point given the vehicle

4For comparison, the length of the slanted face in the Ahmed geome try is 77% of the body height.
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parameters (global shape, ground clearance...), while theharacteristic length of these
devices remains small in front of the vehicle size.

Eventually, literature reports some experiments of ow cortrol for drag reduction on
real vehicles. For example,lrving Brown et al. (2010 proves that the use of passive base
bleed and the implementation of cavity on the base achieve drg reduction. In parallel, the
numerical simulations of Inchul et al. (2008 presents innovating spoiler shapes to optimize
the uid forces.

In this academical context, the originality of the approach of the present work is now
detailed in section 1.3.
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1.3 Approach of the present work

The bibliographical elements presented in sectiorl.2 highlight three main levers of drag
reduction:

the reduction of the blu ness;
for a given blu ness, the increase of the recirculation lengh;
the attenuation of the streamwise vortices related to threedimensional e ects.

As mentioned in section 1.1, the vehicle shapes are already highly constrained so
the reduction of the blu ness may appear unappropriated. Corsequently, the interest of
orienting the ow at the trailing edge of the vehicle is quanti ed in this work but most of
the following experiments focus on the analysis and control bthe separated ow with xed
separation. Because of the strong di erences between bidiensional and three-dimensional
ows, these studies consider three-dimensional con guratbns only. The objective is to
clarify the physical mechanism responsible for the closureof the recirculation bubble
(mixing layer growth, global modes...). In addition, the exploration of the ow sensitivity
of global properties of the wake to perturbations helps idetify e cient control strategies
for drag reduction.

The work is structured as a function of the geometries by incrasing their complexity
step by step. Partl is devoted to axisymmetric bodies with the cases of a sphere ichapter 2
and an axisymmetric bullet-shaped body in chapter3.

Then, part Il details the wake past parallelepiped geometries based on ¢hsquare-
back Ahmed con guration: bifurcations of the laminar wake in chapter 4, natural ow at
Rey =9:2 10* in chapter 5 with a focus on the in uence on the aspect ratio of the base in
chapter 6. Chapters 7 and 8 present experiments of ow control based on a sensitivity aml-
ysis and on the orientation of the ow at the base separation espectively. Finally, chapter9
explores the relevance of the previous results at industribscales,i.e. at Rey =2:5 1.

The wakes of real vehicle are considered in paril with a characterization of the wake
dynamics through full-scale studies in chapterlO. Then, chapter 11 extends the phenomena
studied in parts | and Il to real vehicles.

Finally, a comprehensive synthesis is provided in chapted2.

In parallel, the uid notations and some general notions of uid mechanics are depicted
in appendix A. Besides, visualisations of the ow structures aroud di erent vehicle shapes
are given in appendix B using cavitation techniques. Some details on the turbulentwake
of a disk are given in appendixC as a complement to chapter2. Finally, analytical results
of a bistable turbulent signals are provided in appendixD.

Given the large number of geometries and of wind or water tunnks used in the following,
no detailed presentation of the facilities is provided. Foreach chapter, the main features of
the setup are depicted with the measurement systems; when aMable, references providing
additional information are also given.
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Chapter 2
Axisymmetry of the turbulent

sphere wake

This chapter is devoted to the turbulent sphere wake. The objetives are to clarify
the statistics that lead to the axisymmetry of the wake and to detail the instantaneous
topology of the ow. In particular, these experiments quantify the wake asymmetry related
to imperfections of the setup.

In parallel, a similar study in a disk con guration is provide d in appendix C.

Abstract

As a starting point of the study past three-dimensional bodies; the prototypical case of
the turbulent sphere wake is considered aRep = 1:9 10, It is found axisymmetric in aver-
age with an unsteady global mode atStp = 0:19. PIV snapshots in a cross- ow plane show
that the axisymmetry of the mean ow is due to the equal exploration of all the azimuths
by the instantaneous wake. Conditional averaging enables textract the ow topology
associated with one azimuthal direction; the obtained wake Bows strong similarities with
the unsteady planar symmetric ow observed in the laminar regime. In addition, the use
of perturbations of the axisymmetry leads to modi cations of the azimuthal statistics: the
periodicity of the perturbation is recovered in the wake sirce one or several preferred ori-
entations are identi ed. Hence, such statistics pave the wg to multi-stable behaviors in
three-dimensional wakes.
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Figure 2.1. Side view @) and top view (b) of the experimental setup with the stereoscopic
PIV system; back view of the sphere with the disturbance apparéus (c).

2.1 Experimental setup

This section present successively the main characteristiosf the setup and of the velocity
measurements.

Geometry

As mentioned in section1.2.3 one of the main challenges of experimental studies of
the wake past axisymmetric blu bodies lies in the system xing the geometry in the
ow. The present experiments use an Ei el-type wind tunnel; the sphere is held using an
axis xed upstream of the test section on a rigid honeycomb spport so that the setup
is as axisymmetric as possible (see gure®.la b); the residual asymmetries come from
the alveoli of the honeycomb. In turn for providing a sphere sypport, the presence of the
honeycomb alters the quality of the ow: when the sphere is remwed from the test section,
the homogeneity of the ow at 200 mm downstream of the honeycorh is raised to 2.2%
and the turbulent intensity reaches 3.4%.

The free- ow velocity is set at Uy = 4:3 m s ! and the sphere diameter isD = 70 mm
so the Reynolds number of the wake isRep = UpgD= = 1:9 10*. The origin O of the
coordinate system is at the maximal downstream location of tke sphere (see gure2.l).
For practical interest, a polar coordinate (x;r; ) is also used, the plane =0 being de ned
to match the plane (xOy) in the domainy > 0.
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In addition, the setup is designed to study the in uence of peturbations of the axisym-
metry. Four independent cylinders can be xed on the sphere i the cross- ow directions
as shown in gure 2.1(c). The length of a disturbance is 100 mm,i.e. 1.4D; its diameter is
denoted by d. The e ects on the wake are considered for one, two (diametrially opposed)
or four cylinders of diameterd = d=D = 0:0290n the sphere; the corresponding results are
referred bym =1, m =2 or m = 4 disturbed wakes,m being the azimuthal periodicity.

For m = 1, additional con gurations detail the e ects of the size of t he disturbance for
d 2f0:017 0:029 0:057 0:086g.

Velocity measurements

In this chapter, the wake analyses are made from particle imag velocimetry (PIV) and
hot-wire anemometry exclusively.

The PIV system is a dual pulse laser (Nd:YAG,2 135mJ, 4 ns) combined with two
Dantec CCD cameras (FlowSense EO, 4 Mpx). The setup acquires ima&gpairs at a rate
of 10 Hz; each acquisition records 2000 image pairs. The measment system gives access
to ux and u; in the planey = 0. In addition, the three components of the velocity are
obtained in the plane x = 0:93 through stereoscopic PIV. The interrogation window of
32 px 32 px corresponds to physical sizes 0£:3 mm 1:3 mm in the planey =0 and
1.9 mm 1.9 mmin the plane x =0:93.

The mean velocities and the Reynolds stresses are measureain the valid vectors of
the instantaneous velocity elds; these statistics are talen into account only when more
than 1500 valid vectors are obtained from the 2000 measuremes.

To get time-resolved velocities in the ow, a hot-wire probe is used; it is oriented to
measureuy; . The probe is from Dantec (hot-wire type 55P15, support type 53122) and uses
an overheat ratio of 1.5; it is connected to a DISA55 hot-wire amrmometry measurement
unit. Mounted on a displacement system, this probe records tie velocity in the wake at a
sampling frequency of 1 kHz.
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Figure 2.2. Intensity of Uy, in the planey = 0; the white cross locates the saddle point.

RS | max (RS) x (max(RS)) r (max(RS))
h.l)? % 0:105 0:005 Q45 001 047 0:.01
hu? % 0:090 0:005 080 0:01 001 0:.01
hud Wi | 0045 0:005 Q59 0:01 041 001

Table 2.1. Maxima of the Reynolds stresses (RS) in the wake ahtheir corresponding
locations; the data are reported from PIV in the planey =0 whereu? = 0.

2.2 Mean natural ow

The objective of this section is to validate the experimentalsetup as a relevant method
to produce the axisymmetric turbulent wake past a sphere. Themean velocities and the
Reynolds stresses are analyzed in the plang = 0 and in the cross- ow plane x = 0:93
in section 2.2.1and 2.2.2respectively. Section2.2.3is devoted to the periodic dynamics of
the wake.

2.2.1 \Velocities in the plane 'y =0

The mean velocity eld in the plane y = 0 is presented in gure 2.2. The PIV mea-
surements evidence a recirculation region in the wake thatxtends up to x = 0:80. Even
if it cannot be directly measured from the velocity eld, it s eems that the boundary layer
separation occurs on the sphere close to the apex as expecttat such Reynolds numbers
(Yun et al., 2006. Besides, the ow presents a relatively good symmetry refering to the
plane z =0 without any trace of ow inhomogeneity in the sphere proximity.

The measurements of the Reynolds stresses are plotted in ger2.3. As for the mean
velocity map, the symmetry of the normal stresses and the arilsymmetry of the shear stress
referring to the plane z =0 are satisfactory. The stress intensities are measured maxiat
on the separatrix; the extrema and their corresponding locéions are listed in table 2.1. The
spatial distribution of the Reynolds stresses and their inensities are in agreement with the
results in the literature (see Jang & Lee, 2008 and references therein).
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Figure 2.3. Reynolds stresses in the plang = 0: h® i (a), hu? %i = O % (b) and

hu? u? i (c). The continuous and dashed lines are positive and negativealues respectively;
the contour intervals are 0.010 in @) ( b) and 0.005 in (c), the contour O is not plotted. The

thick black line is the separatrix of the mean recirculation bubble.



30 Chapter 2. Axisymmetry of the turbulent sphere wake

(@) 1.0 (b)
U, U,*
1.0 -0
0.5 Leemm .
/,’ \\\ 0.8
/ \ 0.6
Z 09 | ) ' i ~0.1
% ,,’ 0.4
~0.5+ TeeeeT 02
0 L_0.2
—-1.0 T T T T T T
—-1.0 =05 0 0.5 1.0 -1.0 -05 0 0.5 1.0
y* Y

Figure 2.4. Intensities of Uy (a) and U, (b) in the plane x = 0:93; the dashed circle
locates the sphere.
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Figure 2.5. Intensities of Std(ux ) (a) and Std(u, ) (b) and hu? u® i (c) in the plane
x =0:93 the dashed circle locates the sphere.

2.2.2 \Velocities in the plane x = 0:93

The stereoscopic PIV system gives access to the three componsrof the velocity in
the plane x = 0:93. The results of the mean velocities are presented in gure2.4. The
axisymmetry of the ow is conrmed by both the streamwise and radial velocities. As
expected from the measurements presented in gure.2, the cross- ow plane atx =0:93
is located just downstream of the end of the recirculation bulble: Uy, ranges from 0.10
to 1.01.

The maps of the uctuating velocities in the plane x = 0:93 are given in gure 2.5.
The results validate the axisymmetry in the distribution of t he Reynolds stresses and their
spatial organizations are consistent with the maps in the plmey =0 plotted in gure 2.3.

Using equations @A.27) and (A.28), the momentum conservation of the uid in a volume
containing the geometry gives the force coe cients on the spere from the cross- ow
measurements. Here, there is no pressure information but #h pressure terms may be
neglected at this streamwise positioh. The drag force is estimated atC, = 0:49 and
the cross- ow force at 0:01. The low value of the cross- ow force is consistent with the

1This point is evidenced in chapter 5 in gures 5.6(a) (b): the mean pressure just downstream of the
end of the recirculation bubble is close to the free- ow pressure fort hree-dimensional wakes.
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Figure 2.6. Autopower spectrum of a hot-wire signal atx =1:00,y =0 andz =0:40.

axisymmetry of the ow and the drag coe cient is in agreement with the data reported in
the literature.

As a consequence, the experimental setup enables to genegaa turbulent sphere wake
which is axisymmetric in average; the obtained statistics ofthe velocities are consistent
with previous studies. This indicates that the presence of thehoneycomb support does not
signi cantly a ect the mean properties of the ow. To complet e the validation of the setup,
the dynamics of the ow is analyzed in section2.2.3

2.2.3 Periodic dynamics of the wake

The presence of the honeycomb support does not change the meaow features but
the previous experiments ofTyagi et al. (200§ show that the raise of inhomogeneity and
of turbulence intensity of the ow may alter the global mode dynamics of the wake.

In order to verify the presence of a coherent wake motion, a hoewire probe signal is
analyzed. Figure 2.6 presents the autopower spectrum of the velocity signal reaoled at
x =1:00,y =0 and z = 0:40. The power spectral density (PSD) characterizes the
energy of the di erent scales in the wake at this probe locaton. The low values of Strouhal
number (Stp . 0:2) correspond to the large-scale structures of turbulence inthe wake.
The peak at Sty = 0:19 indicates a signi cant contribution of the periodic oscill ations at
this Strouhal number which is consistent with the frequenciesof vortex shedding reported
in literature at this Reynolds number (Sakamoto & Haniu, 199Q Yun et al., 2006.
Furthermore, the smaller scales,i.e. the larger frequencies (for Sy & 0:3), are related to
the inertial range of turbulence. It is worth mentioning that , for the inertial range, the
Kolmogorov theory predicts a power-law distribution of energy of coe cient  5=3 in the
case of an homogeneous and isotropic turbulence.

In order to describe the envelops of the global mode, the PSD dahe hot-wire signals
are considered for di erent probe positions. The probe is moed in the planey =0 from
z = 071to z =0:71 by steps of 0.07 forx = 0:5, 1.0, 1.5 and 2.0. The obtained
spectra are presented in gure2.7. One can see that the characteristic frequency at
Stp = 0:19 is a global property of the ow but it is only measured downstream of the
mixing layers, at z 0:4. As x increases, the energy of the coherent process gradually
emerges from the one of the large-scale structures of turbehce. Hence, the hot-wire probe
clearly evidences the unsteady global mode in the wake but fmcipally downstream of the
end of the recirculation bubble. Such results are reminisagt of the observations of Berger
et al. (1990: a large-scale antisymmetric structure dominates the nea wake while the
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Figure 2.7. Autopower spectra from hot-wire measurements irthe planey =0 depending
onz atx =0:5(a),x =1:0(b, x =1:5(c) and x =2:0(d). The contour interval
is 0.01. The dashed line in(b) corresponds to the spectrum plotted in gure 2.6.
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